Minimal hepatic encephalopathy (MHE) in children is difficult to evaluate because of lack of standardized neuropsychological tests for all age ranges. The purpose of this retrospective study of children with clinically suspected MHE was to investigate relationships between brain MR spectroscopy metabolites and biochemical markers of encephalopathy as well as measures of liver disease severity.
H
epatic encephalopathy (HE) encompasses a wide range of neuropsychiatric derangements that are associated with liver disease. In some cases, minimal or "subclinical" encephalopathy occurs, a phenomenon in which patients lack clinically obvious symptoms of encephalopathy but may have subtle symptoms and impairment on neuropsychiatric evaluations. Minimal hepatic encephalopathy (MHE) may be found in up to 70% of adult patients with cirrhosis. 1 The incidence of MHE in children with liver disease is unknown. MHE is traditionally viewed as having negligible clinical significance; however, there is increasing evidence that early diagnosis and treatment is important for the preservation of brain function because not all of the effects of MHE may be reversible. [1] [2] [3] This may be particularly true in the pediatric population, in which the brain is experiencing maturation and cognitive development. 4 In the traditional sense, the assessment of MHE in the adult population is based on the history, physical examination, exclusion of other neurologic disorders, and the performance of neuropsychological testing. [5] [6] [7] In the adult population, no clear consensus has been reached reading the neuropsychological tests required to assess MHE; furthermore, these tests can be subject to confounding factors such as age, superimposed mood disorders, and educational effects. 8 These issues are magnified in the pediatric population, particularly with regard to neuropsychological testing of children at young ages.
Therefore, there has been increasing interest in the use of noninvasive imaging techniques to assist in the evaluation of MHE. In particular, MR spectroscopy has been shown to be helpful in adults for the diagnosis of both clinical and subclinical HE. MR spectroscopy of adult patients with HE has demonstrated decreases in levels of myo-inositol (mIns) and choline (Cho) and increases in the combined resonances of glutamine/glutamate (usually labeled "Glx"). [9] [10] [11] Studies in adults have indicated that MR spectroscopy can detect MHE with a sensitivity approaching 90%.
11 Levels of Glx have also been shown to be significantly elevated in patients with MHE. 11, 12 These metabolite abnormalities have been shown to be reversible after liver transplantation. 13, 14 Despite these studies in adults, the value of MR spectroscopy in the assessment of MHE in children is largely unknown. 15 The purpose of this study of children with clinically suspected MHE was to investigate correlations between expected MR spectroscopy findings (increased Glx, decreased mIns, and decreased Cho) and biochemical markers of encephalopathy (plasma ammonia, ratio of plasma branched-chain to aromatic amino acids (BCAA/ AAA) as well as measures of liver disease severity (ChildPugh score, model for end stage liver disease/pediatric end stage liver disease [MELD/PELD] score, serum aminotransferase levels, total and direct bilirubin, albumin, and platelet counts).
Materials and Methods

Subjects
After obtaining institutional review board approval, we reviewed the Pediatric Liver Center data base at the Johns Hopkins Children's Center for patients with liver disease in whom MR spectroscopy was ordered in the evaluation of suspected subclinical encephalopathy. Two pediatric hepatologists ordered MR spectroscopy in patients who exhibited extreme fatigue (2 patients), poor attention span or school performance (2 patients), behavioral problems (1 patient), or suspected encephalopathy (7 patients).
Twelve children (age range, 9 -19 years; 8 female/4 male) were identified from the data base. Mean age was 13.5 Ϯ 3.1 years. Diagnoses are shown in On-line Table 1 . Liver histologic studies revealed cirrhosis in 8 patients, mild to moderate periportal fibrosis in 3 patients, and portal tract/bile duct inflammation in 1 patient. Duration of liver disease at the time the MR spectroscopy was performed ranged from 2 months to 13 years. Data collected from patient charts included serum ammonia, international normalized ratio, platelet count, BCAA/AAA ratio, MELD/PELD scores (depending on patient age), Child-Pugh score, and liver chemistries. Time differences between the laboratory studies and the MR spectroscopy examination averaged 29.6 Ϯ 26.5 days.
No control subjects were used for this study, given the vulnerable population protection concerns and added complexity of informed consent for pediatric subjects necessary for age-matched control subjects.
MR Spectroscopy
We performed all studies on a 1.5T Signa scanner (GE Healthcare, Milwaukee, Wis) using the standard quadrature transmit-receive head coil. In addition to routine brain MR imaging, all patients underwent short TE single-voxel spectroscopy of the medial occipital gray matter (GM) and parietal white matter (WM). The scan parameters for the point-resolved spectroscopy pulse sequence were voxel size, 8 with use of the brain water signal intensity as an internal reference. Brain MR imaging scans were reviewed to exclude other pathologic processes. All of the studies were done in patients who were conscious. The clinical setting of each patient undergoing MR spectroscopy studies as well as the overall impression of each study were also noted.
Statistical Analysis
Investigation of associations between levels of Cho, mIns, and Glx (as determined by MR spectroscopy) and plasma ammonia, BCAA/AAA levels, platelet count, and serum albumin was performed by estimation of Pearson correlation coefficients. Metabolite levels were analyzed separately for the GM and WM regions considered. A value of P Ͻ .05 was considered to be statistically significant.
Results
MR Spectroscopy Results
Selected clinical data are shown in On-line Table 1 with statistical averages in On-line Table 2 ; brain metabolite concentrations with correlations are shown in On-line Table 3 . Levels of mIns were found to have significant positive correlation with the BCAA/AAA ratios (r ϭ 0.86; P ϭ .002 for GM and r ϭ 0.77; P ϭ .01 for WM). The WM Cho levels and GM mIns levels showed significant negative correlation with plasma ammonia levels (r ϭ Ϫ0.58; P ϭ .04 and r ϭ Ϫ0.65; P ϭ .02, respectively). Positive correlation trends were also noted for WM Glx and ammonia levels (r ϭ 0.54; P ϭ .06) and BCAA/AAA ratios and GM Glx (r ϭ 0.66; P ϭ .05). No significant correlations were present between NAA and biochemical markers or be- tween Cr and biochemical markers. No significant correlations were found between brain metabolites and serum albumin, Child-Pugh score, MELD/PELD score, or platelet count.
Clinical Setting and Impression of MR Spectroscopy Studies
Eight of the 12 cases were done in anticipation of transplant or pretransplant. Of the 12 scans interpreted by an experienced MR spectroscopist (P.B.B.), 7 patients had MR spectroscopy findings consistent with HE, 3 showed findings consistent with mild metabolic impairment and possible HE, and 2 had results that were considered normal.
Discussion
In this series of pediatric patients with chronic liver disease and suspected MHE, the primary finding was a significant correlation between GM and WM mIns levels and plasma BCAA/ AAA ratios. The plasma Fischer ratio (molar ratio BCAA/ AAA) decreases in patients with chronic liver disease. In the study of adults by Campollo et al, 17 mean values for various types of subjects were as follows: normal individuals (3.9), stable cirrhotics (2.9), unstable cirrhotics (1.7), and patients with HE (0.8). An imbalance in plasma levels of AAA phenylalanine, tyrosine, and tryptophan and BCAAs and their BCAA/AAA ratio has been suggested to play a causal role in HE by enhanced brain AAA uptake and subsequently disturbed neurotransmission. 18 Of the variables analyzed, the strongest correlation was between the mIns and BCAA/AAA levels, suggesting that mIns levels may be affected by brain AAA uptake. The GM mIns levels showed significant negative correlation with plasma ammonia levels, which are also traditionally used as a clinical marker of HE. Previous reports have suggested that the best MR spectroscopy predictors of mild chronic HE were GM and WM mIns levels and that the observed decrease in mIns levels may be the central derangement in chronic HE. 11 Although not completely understood, it has been suggested that mIns may function as an osmolite and has an important role in the volume regulation of astrocytes. 19, 20 It is hypothesized that excess ammonia elevates intracellular levels of glutamine, causing the glial cells to swell with compensatory release of mIns by the cells. 21, 22 Positive correlations were also noted for WM Glx and plasma ammonia levels (r ϭ 0.54; P ϭ .06). Levels of Glx have been shown to have significant increases in patients with MHE. The brain lacks an effective urea cycle with cerebral ammonia removal depending on the formation of amino acids such as glutamine. 23, 24 In the Glx cycle, excess ammonia is taken up by the astrocytes, which then convert glutamate to glutamine reflected in the increased in Glx peaks seen on MR spectroscopy. 25 It has also been shown that liver transplantation in adults results in renormalization of abnormal mIns and Glx levels, concomitant with recovery of clinical signs of HE and subclinical HE, further substantiating the link between mIns and Glx levels and neuropsychological dysfunction in patients with chronic liver disease. 13, 14 The WM Cho levels had a significant negative correlation with ammonia levels. Previous research efforts also have reported abnormally low Cho levels in the WM, but not in the GM, in patients with MHE. 11 Huda et al 22 found decreased
Cho levels in the WM as well suggesting that decreased Cho levels may represent miscommunication between glial cells and cholinergic neurons. Cholines are also synthesized in the liver and transported to the brain, and the decrease in WM Cho may represent decreased liver Cho synthesis because of liver disease. Although several studies have evaluated the relationship of MHE and HE with MR spectroscopy in the adult population, our study is the first as far as we are aware that describes MR spectroscopy findings in children. Our data suggest that MHE in children shows similar brain metabolic alterations as in adults with decreased mIns and Cho levels and increased Glx levels. These changes are proportional to biochemical markers of HE, including plasma ammonia level and BCAA/AAA ratios. Early detection of brain metabolite alterations may be helpful in mitigating the neurocognitive declines seen in children with liver disease by consideration of liver transplantation before obvious end stage liver disease. It has been shown that in contrast to patients with adult-onset liver disease, children show deficits on global intellectual measures as well as specific neuropsychological measures, with these deficits persisting after liver transplantation. 4 It has been speculated that even brief exposures to cerebrotoxic substances can accumulate during end stage liver disease. Substances such as ammonia or endogenous benzodiazepines can have a detrimental impact during early neurologic development that results in cognitive impairments, particularly in early onset of disease. 26, 27 When MR spectroscopy is performed, either single-voxel or multi-voxel techniques can be used at either long or short TEs. In our study, short TE was used because Glx signals decay rapidly with increasing TE. Single-voxel spectra were acquired because they can be performed in a short scan time (important for pediatric studies) and give good-quality short TE data. Two brain regions (occipital GM and parietal WM) were chosen because they are the standard locations used for MR spectroscopy in hepatic encephalopathy following the pioneering studies of Kreis et al. 9 MHE is expected to have a global metabolic effect on the brain, though the tissue response may vary slightly from one brain region to another. 28, 29 Our study had several limitations. As mentioned before, it is difficult to institute and standardize neuropsychological testing in the pediatric population, especially given the varying cognitive and educational levels in children of different ages. In our small cohort of patients, we performed MR spectroscopy on the basis of the gestalt clinical suspicion of MHE and did not have quantifiable neuropsychological data to correlate with the MR spectroscopy results. There were time differences between the MR spectroscopy study and the laboratory values; however, the children had chronic liver failure, and we presumed that the brain imaging studies and amino acid ratios were reflective of chronic changes. Other weaknesses included the relatively wide age range of the patient cohort, though age-related changes in brain metabolites in children are very subtle after the first few years of life. 30 Also, no pediatric control subjects were available for comparison, so it was not possible to establish whether metabolite levels were significantly different from those in healthy subjects.
Conclusions
The mIns levels correlated with BCAA/AAA ratios (r ϭ 0.86; P ϭ .002 for GM and r ϭ 0.77; P ϭ .01 for WM). The WM Cho levels and GM mIns levels showed significant negative correlation with ammonia levels (r ϭ Ϫ0.58; P ϭ .04 and r ϭ Ϫ0.65; P ϭ .02, respectively). In conclusion, proton MR spectroscopy can add an objective measure of cerebral involvement in children with symptoms suggestive of MHE and may also provide information about mechanisms of neurologic metabolic dysfunction in this subject group. Although more investigation in larger pediatric cohorts is needed, proton MR spectroscopy may one day contribute to prioritization of subjects awaiting liver transplantation.
